We present a model for the excitation of continuous ground vibration at geothermal areas and active volcanoes, which is based on the instability of water/steam two-phase flow. Through a series of numerical experiments, we evaluate the amplitude and period of ground vibrations excited by density wave oscillation (called 'DWO'), one of the flow-instability phenomena, which is known in the nuclear reactor engineering to occur under a wide variety of boundary conditions. We consider a vertical cylindrical pipe buried underground and 1-D flows through it driven by the lithostatic pressure gradient. Water flows into the pipe from below and is evaporated by the heat supplied from outside. When the heating rate is low, after a perturbation such as a change in heating rate is given to the flow system, a decaying oscillation of pressure, flow velocity and void fraction occurs being followed by a stationary flow. On the other hand, when the heating rate exceeds a threshold, the perturbation grows to a continuous oscillation with a fixed amplitude, forming a limit cycle DWO. We investigate how various parameters such as pipe length, pressure and heating rate, affect the stability of the two-phase flow. We then estimate the amplitudes of seismic waves excited by DWO, assuming that the pipe is embedded in a elastic half-space. We find that a longer pipe can excite a DWO of longer period and of larger maximum amplitude. For a pipe of length of 100 m with its bottom at the depth of 150 m, the DWO period is nearly 10 s. In this case the maximum pipe diameter for the excitation of limit cycle DWO for reasonable rates of stationary conductive heat supply from country rocks to the two-phase mixture inside the pipe (less than about 35 MW m −3 ) is 0.02 m. The maximum amplitudes of ground displacement due to DWO are of the order of 7 × 10 −8 m and 4 × 10 −9 m at epicentral distances of 200 and 1000 m, respectively. Typical geothermal areas and active volcanoes can supply heat and discharged water mass, which are required to excite DWO larger than typical background noises. Therefore, DWO due to a shallow water/steam flow could excite ground motions with periods longer than 10 s which is large enough to be observed with suitably designed broadband seismic experiments at geothermal fields.
Volcanic tremors observed at active volcanoes are unique ground motions, which are considered to be excited by physicochemical phenomena associated with magma and/or water/steam mixture (Julian 1994) . Numerous different models for the excitation of volcanic tremors have been proposed so far, and most of them deal with elastic resonance phenomena either of cracks containing fluid, of magma chambers, or of conduit filled with water or magma. In almost all of the models the fluid flow does not play a central part (e.g. Kubotera 1974; Steinberg & Steinberg 1975; Ferrick et al. 1982; Chouet 1986; Morrissey & Chouet 1997; Nishimura & Chouet 2003 ). An exception is, a model which treats a non-linear flow phenomenon by Julian (1994) . In that study the tremor source is the self-excitation of oscillation of a viscous and incompressible fluid flowing through a channel with compliant walls. Using a lumped-parameter model, which is the method that integrates each physical quantity along the entire length of crack and neglect spatial change in the direction of the flow, Julian (1994) demonstrated that an increase in fluid velocity in the channel leads to a decrease in fluid pressure due to the Bernoulli effect. As a result, the channel walls move toward each other and constrict the flow, causing an increase in fluid pressure and forcing the channel to open again. The cyclic repetition of these processes leads to the generation of sustained oscillation that could be a source of tremor.
In this study, we explore models for ground motion excitation with a mechanism that is fundamentally different from those based on elastic oscillation. We propose a flow-instability mechanism that transforms thermal energy into seismic energy known as density wave oscillation (DWO) as a source mechanism for ground motion in geothermal areas and active volcanoes. Numerical simulations are conducted to investigate the range of parameters that characterize this process. Since DWO is a spontaneous phenomenon its initiation cannot be quantified, however, an upper bound on conditions that initiate ground motion can be.
TWO-PH A S E F L O W I N S TA B I L I T Y
In this study we consider two-phase flows in which the gas and liquid phases of a material are well mixed. This type of flow can be seen in evaporation pipes in boiler systems, nuclear reactor cooling systems, chemical industry equipments and so on (Fujii et al. 1999) . Characterizing the gas-liquid two-phase flows is of practical importance for operating pipeline systems safely. Especially in nuclear reactor designs, avoiding any accident is of enormous importance. Therefore, in the fields of nuclear reactor engineering, numerical and experimental studies of twophase flow have been extensively performed since the 1950s (Fujii et al. 1999) . The situation that could be caused by the generation of unstable flows are as follows (Fujii et al. 1999): (1) when a mechanical oscillation arises in industrial equipment, it can lead to fatigue failures; (2) it becomes impossible to precisely control the pressure, temperature and mass flux in the equipment; (3) when a portion where only the gas phase exists happens to be formed in a pipe, the wall temperature there may rise substantially, and may give rise to a melting of the pipe and (4) when the wall temperature increases, thermal fatigue may also be accumulated potentially damaging the pipe.
Here we note similarities between the industrial cases described above and the ground water systems at active volcanoes. At active volcanoes there is ample heat supply in the form of high-temperature volcanic gas emitted from a magma chamber, and emission of volcanic gas consisting mostly of H 2 O is commonly observed with temperatures as high as 900
• C (e.g. Matsushima 2001 ). Although ground water or steam/water flows have been extensively studied for the operation of geothermal power plants, most of the previous studies treat flows which are very slow compared with the sound speed, such that inertia effects are completely neglected, or that the flows are regarded even to be in a stationary state. In this study we consider much faster two-phase flows anticipating that flow instability can arise in volcanic edifice. Flow instability, although sometimes remarked briefly in the volcanological literatures, has not been quantitatively studied for the mechanism of ground vibrations at geothermal areas and active volcanoes (e.g. Steinberg & Steinberg 1975; Julian 1994) . One of such phenomena generated in a pipe through which water flows and is evaporated is DWO, a typical instability phenomenon encountered in nuclear reactor system (e.g. Boure et al. 1973) . DWO is a phenomenon in which density fluctuations of steam/water mixtures propagate approximately with the flow velocity and the physical properties in the pipe such as pressure and flow velocity oscillate due to the boundary conditions (e.g. Boure et al. 1973; Takitani & Takemura 1978) . It is commonly observed in a variety of equipment (Boure et al. 1973) .
When an element of the two-phase mixture near the inlet of a pipe slows down it gains a greater amount of heat and evaporation is accelerated reducing the density of the element, therefore reducing gravity and frictional forces. This type of feedback leads to an accelerated upward flow of the mixture in the pipe. The pipe flow, therefore, has a restoring mechanism that tends to stabilize the flow perturbations. The restoring 'force', however, is unlike the classical restoring force, such as elastic forces. Fluctuations of pressure, mass flux, and void fraction (see Appendix A.2 for definitions), also propagate and are accompanied by a density change. When heat is supplied to the system, the oscillation grows to a critical amplitude. A state in which the oscillation amplitude becomes constant in time is realized when the rate of heat supply reaches a critical limit. This state is called a limit cycle DWO (or simply called 'limit cycle'). In the nuclear reactor engineering, since the main research purpose is to prevent the occurrence of DWO, quantitative analyses on the mechanism of limit cycle are rather sparse.
The DWO instability, if proved to occur under active volcanoes and geothermal areas, has several characteristic aspects to be noted: (1) Since the period of DWO is roughly the same as the transit time of fluid through the pipe, the flow velocity could be estimated from the period obtained by observations, if there is an independent estimate of pipe length. Moreover, since water/steam two-phases can flow with a much lower velocity than the sound speed, tremors with a much longer period can be excited by a compact system compared with the figure which shows the flows of ground water, steam and heat underground at geothermal fields or at active volcanoes. We assume that DWO is generated inside thin pipes connecting two aquifers at shallow depths (whose tops are at the depth of about 50 m). The magma chamber which would be the ultimate source of thermal energy for the two-phase flow is usually at depths of several kilometers. models based on acoustic resonance. (2) Since DWO can evolve into a limit cycle state in which amplitude is controlled only by the geometry and the heating rate of a pipe regardless of the trigger mechanism that is usually difficult to specify, it could be much easier to understand the characteristics of the system. Because DWO is a non-linear phenomenon, a non-analytical approach is taken, that investigates DWO by numerical simulations using hydrodynamic equations.
NUME R I C A L M O D E L S O F D E N S I T Y WAV E O S C I L L AT I O N

Basic concepts
Conditions that favour DWO may occur at geothermal fields and active volcanoes. In engineering studies, DWO is generated when perpendicular pipes through which mixture of water and steam flows are heated. In this study, we consider the cases where a thin vertical pipe connects two aquifers at different depth levels within a volcano edifice. We assume that the two-phase mixture can easily flow and the aquifers are big enough, and that the pressures are constant within each aquifer (Fig. 1) . In this study, pressure is also assumed to be fixed at lithostatic pressure in the aquifers. A flow is driven by the pressure difference between the aquifers. The pipe is heated by hot country rocks surrounding it, in other word, heat is supplied to the pipe system by thermal conduction.
To simulate DWO, the simplest possible system is a straight pipe with a constant diameter into which water is injected from the bottom, and water or water/steam mixture flows upward. There are more complicated systems, such as combinations of some parallel pipes with compressive cavities on the way, or with a bypass pipe attached. It is widely regarded that the conditions that result in a limit cycle of DWO are complex and depend on many factors. Unlike the industrial cases, it is usually impossible to directly know how ground water flows beneath a volcano. Given such poorly known conditions beneath volcanoes and the inherent complexity of DWO, the simplest ground vibration model is tested. One of the critical conditions for generating DWO is that the water/steam mixture flows being heated by the surroundings, so that the detailed geometry of the flow would be only of secondary importance.
We consider a vertical pipe of diameter D and length L, that is buried underground (Fig. 2 ) (See Appendix A for the definitions of symbols.). The pressures at the entrance (bottom) and the exit (top) of the pipe are fixed to the lithostatic pressures at the corresponding depths. The entrance pressure is P 0 and the lithostatic pressure gradient is P . The two-phase flow is controlled by a dynamic balance of inertial force, pressure gradient, wall friction and gravity. The amount of heat supplied from the pipe wall is q per unit seconds and unit volume of the mixture. We note that the observed instability is not of numerical origin because the features of the oscillation including its period do not depend on the number of grid points taken along the pipe during the numerical experiments.
Equations of conservation
In this study the equations that describe the conservations of mass, momentum, and energy for water/steam mixture are numerically solved. In order to analyse two-phase flow with different velocities, we modify general 1-D hydrodynamic equations according to the 'drift velocity formulation' (e.g. Zuber & Findlay 1965) , as described in detail in the following subsection. The basic equations are written as follows (Liles & Reed 1978) . Vertical cylindrical pipe with a diameter D and length L used in the numerical experiments. The pressures at the entrance (bottom, P 0 ) and exit (top, P exit ) are fixed to the lithostatic pressures determined by the density of the country rock. Frictional forces are exerted between the fluid and the pipe wall. Gravity force operates downward, and heat is supplied at the rate of q per unit volume of the fluid.
Conservation of mass for the water/steam mixture:
Here ρ m and u m are the density and velocity of the mixture defined by eqs (A1) and (A2), respectively. t is time and z is the spatial coordinate along the pipe. See Appendices A.1 and A.2 and for the definitions of symbols and the basic relations among them here after.
Conservation of mass for steam (the gas phase):
Here α is called 'void fraction' and represents the fraction of a volume element, which is occupied by the gas phase at any instant (e.g. Wallis 1969 ).
Conservation of linear momentum for the two-phase mixture:
Here v g j is called 'drift velocity' and is defined in eq. (A4). Frictional force is exerted between the two-phase mixture and the pipe wall. The strength of the frictional force is a function of Reynolds number (eq. A17), and has been determined experimentally for pipes made of iron with a smooth surface (eqs A14, A15 and A16). When water/steam mixtures flow through fractures among rocks, a frictional force would be exerted. We define the ratio of the friction of volcanic pipe wall to that of the typical iron pipe friction as k f , which is called 'friction coefficient' in our model (eqs A14 and A15). Appropriate friction coefficients of the pipe wall are not known, but could reach the order of 1000. This value is estimated by eqs (3) and (A14), assuming that the flow is steady, and the inertial and the drift velocity terms can be neglected. The velocity in eq. (A14) is evaluated by using Darcy's law with the permeability of the pipe of about 10 −8 m 2 (Bear 1972) . Conservation of energy for the two-phase mixture:
Here E m is called 'total energy' of the mixture defined by eq. (A27 
where e m represents the specific internal energy of the mixture defined by eq. (A5). This is the energy equation to be solved in this study.
The primary physical properties which are obtained by solving eqs (1), (2), (3) and (5), are the pressure P, mixture velocity u m , void fraction α and mixture specific internal energy e m .
Velocity difference between the two-phases
The concept of drift velocity deals with non-homogeneous flow which has a velocity difference between the two-phases (Zuber & Findlay 1965) . The drift velocity is related to the velocity difference between the two-phases and void fraction by eq. (A4) in Appendix A.2. Drift velocity can be approximately expressed with the densities and void fraction (Wallis 1969) ,
By introducing such a relation momentum equations for the liquid and gas phases are not solved separately, and only the equation for the two-phase mixture is solved. In more sophisticated methods which deal with the momentum equations for the two-phases separately, the mass exchange, the heat conduction and the moment exchange at the interface between the liquid and gas phases must be explicitly formulated. Considering the poorly known conditions of water and steam at geothermal fields and volcanoes, it is not practical to use such complicated methods at this stage. In this study, we therefore use the drift velocity concept that is tractable. We find that for analysing DWO the details of velocity difference between the two-phases are of secondary importance. We model the drift velocity in two different ways as follows:
(1) The drift velocity equations used in RELAP5/MOD1 (Ransom et al. 1981) . It is well known that steam/water two-phase flows show several distinctive flow patterns depending mostly on flow rates of the two-phases (e.g. Wallis 1969) . These are called 'flow regimes' and include, for instance, bubbly flow, slug flow, annular flow and so on. The flow regime is empirically determined based on void fraction and mass flux. The drift velocity for each flow regime is estimated by the equations by Ishii (Atomic Energy Society of Japan 1993).
(2) In the second equation, the drift velocity is expressed by an experimental relation as a function of void fraction regardless of flow regime (Wallis 1969) ,
The equation is the same as that for the bubbly flow by Ishii (Atomic Energy Society of Japan 1993).
We test both complicated (eq. 6) and simple (eq. 7) equations for the drift velocity, and find that the drift velocity is much smaller than the flow velocity regardless of the equation. Therefore the drift velocity is of secondary importance in DWO, and we shall present the results from the simpler eq. (7) with 3 and 0.05 for n and v g j∞ , respectively.
Mass exchange between the two-phases
When two-phases coexist as a mixture, the mass exchange between the phases such as evaporation and condensation can occur either when heat is supplied, or work is done on the mixture. We use three different models to evaluate the evaporation rate g per unit volume of the mixture, which is defined to be positive for phase changes from water to steam.
Equilibrium model 1 assumes thermal equilibrium between two-phases and indirectly estimates g based on the conservation of energy. The thermal temperature is assumed to be equal to the saturation temperature uniquely determined by pressure. The internal energy e m then needs not be solved separately, and the conservation of mass for the gas phase (eq. 2) is not required, with the amount of phase change implicitly determined by the conservation of energy (eq. 5).
Equilibrium model 2 assumes that all the heat supplied from outside, q, is used for evaporation. Under such an assumption g is explicitly given as follows,
where H is the latent heat of water. Unlike in Equilibrium model 1 temperatures of the two-phases are the same but not assumed to be equal to the saturation temperature. This assumption allow the four equations of conservation (eqs 1-3 and 5) to be solved. Inequilibrium model 3 uses the experimental equation for inequilibrium systems, which is used in RELAP5/MOD1 (Ransom et al. 1981) ,
In this model, the mass exchange rate is determined by the deviation of quality x (eq. A8) from the values at the equilibrium x e (eq. A9). As in equilibrium model 2, the temperatures of steam and water are assumed the same, but are not defined by the saturation temperature. The four conservation equations (eqs 1-3 and 5) are solved. It is found that the fundamental features of DWO do not depend much on the choice of mass exchange model. Therefore, we shall present the results from equilibrium model 1, because this model is numerically easier to handle than equilibrium model 2 and has a clearer theoretical basis than inequilibrium model 3.
Semi-implicit scheme
In this study the semi-implicit difference scheme, a hybrid between the explicit and implicit schemes, is used to solve the non-linear governing eqs (1)- (3) and (5) (Liles & Reed 1978) . The convection terms in the mass and energy eqs (1), (2) and (5), the pressure gradient term in the momentum equation (eq. 3), and the compressible work term in the energy equation (eq. 5), are time dependent, implicit terms. The remaining terms, including the convection term in the momentum equation (eq. 3), are evaluated at the old time step, dealt with explicitly. It is known that this method gives more stabilized numerical solutions than the explicit scheme (Liles & Reed 1978) , while its computation speed is faster than the perfect implicit method. The first model studied is equilibrium model 1. Three conservation eqs (1), (3) and (5) are solved with the mixture velocity u m , void fraction α and pressure P as primary physical properties. Once these three properties are solved at each time step, other properties at the step can be readily computed from them: the densities of steam, ρ g , and water, ρ l , from eqs (A10) and (A12), and from eqs (A11) and (A13), respectively; the mixture density, ρ m , from eq. (A1); the gas velocity, u g , from eqs (7), (A2) and (A4); the wall friction, F wl , from eq. (A14), and g either from eq. (8) or from eq. (9). These are then used to compute the primary properties, u m , α and pressure, P (and e m when necessary), at the next step.
Several boundary conditions are imposed to solve the equations. First, pressure is fixed at the top (exit) and the bottom (entrance) of the pipe, and the flow is always driven upward on average. Second, both the entrance and exit of the pipe are open, there are no valves or constrictions that could resist the flow, corresponding to the free boundary conditions for flow velocities. Third, the fluid element has the constant void fraction α 0 at the entrance. The initial states of the flow is as follows: the pressure gradient is lithostatic, the void fraction and mixture flow velocity are uniform throughout the pipe. It is found that the details of the initial conditions do not affect the results of our DWO simulations.
The use of 1-D model is justified by a consideration that the changes in flow velocity of the radial direction inside a pipe should be very small compared with those in the longitudinal direction along the pipe when the driving force for the flow, that is, pressure gradient, is sufficiently strong. It is noted that all of the valuables computed should be regarded as those averaged over the cross-section of the pipe.
MECH A N I S M O F D E N S I T Y WAV E O S C I L L AT I O N
Stability limit
When the geometrical parameters (length and diameter) of a pipe, the wall friction factor and the pressure gradient are fixed, the flow patterns after giving perturbations to the system are solely controlled by the heating rate. The patterns are divided into two classes. In the case of a low heating rate, the flow becomes stationary after the occurrence of initial decaying oscillation (Fig. 3 ). Fig. 3 shows the oscillation of mass flux (G). In the experiments shown in Fig. 3 the heating rate q is gradually increased to the designated values from zero, and a sudden stop of the increase in the heating rate acts as a perturbation to the flow system. On the other hand, in the case of a high heating rate, the perturbations evolve to a coherent oscillation of pressure and flow velocity with amplitudes that do not depend on the perturbations (Fig. 3) . The state is regarded as a limit cycle. The period of the oscillation is found to be of the same order as the transit time in which the two-phase fluid elements traverse the pipe from its entrance to exit (Fig. 4) . The transit time, T t , is defined by the following equation,
whereū m is average flow velocity of two-phase mixture. It is suggested by definition that the oscillation is a limit cycle DWO (Boure et al. 1973; Takitani & Takemura 1978) . The maximum of the heating rate that leads to a stationary flow is called the 'marginally stable heating rate', q lim . In this study, the marginally stable state is called as the 'stability limit'. It is important to know how the stability limit is affected by such parameters as friction factor, pressure gradient, pipe length, etc. This is equivalent to know the dependence of the minimum heating rate for a continuous oscillation (limit cycle DWO) to be excited on such parameters. Fig. 5 shows the dependency of the stability limit on the pipe length, L, the entrance void fraction, α 0 , the wall friction, F wl of k f , the entrance pressure, P 0 (corresponding to the depth of pipe), and the pressure gradient, P . The relation between the wall friction, and the marginally stable heating rate, q lim , is expressed well by a regression line q lim = C/ k f , where k f is the friction coefficient and C is a constant which takes a value of nearly 70 W m −3 . This means that the larger the friction factor the less heat supply is required to generate a limit cycle. Table 1 ), a stationary flow is obtained after a decaying oscillation (dotted line and broken line). On the other hand, in the case of high heating rate (q = 30 MW m −3 ), the perturbation grows to an oscillation with an amplitude, which is controlled by the characteristics of pipe and heating rate, but independent of the perturbation (solid line). In all cases, the heating rate q is gradually increased to the designated values from zero, and the stop of the increase in the heating rate acts as a perturbation to the flow system. It is also found that q lim is nearly inversely proportional to L, proportional to P 0 and inversely proportional to √ 1 − α 0 . The relation between q lim and P can be approximately fitted by a linear regression line whose intercept to zero pressure is not 0 (Fig. 5, upper left) . Assembling these results, we construct an experimental equation that gives the marginally stable heating rate, q lim (MW m −3 ), as a function of P 0 , P , L, k f and α 0 as follows,
where a 1 , a 2 and r are constants which take the values about 5 × 10 −2 , 1.4 × 10 4 and 0.8, respectively, when P 0 , P and L, are measured in mega pascal (MPa), pascal per metre (Pa m −1 ) and meter, respectively.
Next, the relation between q lim and the period of DWO, T is investigated. Regardless of other parameters, the product of the period and the heating rate is proportional to P 0 (Fig. 6 ). This relation is written as the following equation,
where b is a constant of about 32, when T , q lim and P 0 are measured in second, joule per cubic meter per second (J m −3 s −1 ) and pascal (Pa), respectively. Previous studies about the flow-instability phenomena in the nuclear reactor engineering have focused on the search for the conditions under which instabilities do not occur. Therefore, such a relation associated with the instability itself as eq. (12) has not been clearly reported. As mentioned above, T is of the same of order as the transit time of fluid elements through the pipe, T t . Because q lim is the rate of heat supply per unit volume of the mixture, eq. (12) means that under a given entrance pressure the occurrence of a limit cycle primarily depends on the total amount of heat, which is supplied to a fluid element of unit volume while it traverses the whole length of pipe. Considering that steam obeys the equation of state for an ideal gas, (eqs 10-12) suggests that q lim is related to the mass of steam inside unit volume of the mixture. Supplying heat of q to the two-phase mixture of unit volume is equivalent to supplying heat of q/ρ m to the mixture of unit mass. Therefore, the qualities at the entrance (x 0 ) and exit (x ex ) are related by the following equation,
where H is the latent heat of water. We define the average mixture density,ρ m , by the following equation,
By substituting eq. (14) to eq. (13) we obtain,
which can be rewritten as the following equation,
Eq. (12) suggests that the left-hand side of eq. (16) is constant at the stability limit regardless of other properties, so that its right-hand side is also held constant. From the definition of quality (eq. A8) and the equation of state for steam (eq. 10), we obtain the relation that is satisfied by the steam/water flows at the stability limit for a wide range of parameters, Table 1 ), the pipe length L (upper right, Case 13), the entrance pressure P 0 (middle left, Case 11), the entrance void fraction α 0 (middle right, Case 14), and the wall friction factor k f (lower left, Case 12). Open and closed symbols represent decaying oscillation and DWO, respectively. Stability limit is well defined in each panel, and it is easy to obtain an experimental formula that fits the numerical results well.
where subscript ex stands for the value at the exit and 0 for the value at the entrance. This equation means that the change in gas volume per unit mass of the mixture, α ρm , while the fluid element flows through a pipe, predominantly controls the stability limit. This is broadly consistent with the considerations on the stability limit associated with the change in quality, x, across the pipe which has been proposed previously (Saha 1974 ).
Heating mechanisms
The first heating mechanism considered is the one due to the conductive heat transfer. As previously shown, the most important factor for the occurrence of a limit cycle DWO is that a two-phase element traversing the pipe must gain more than a certain amount of volume increase. We note here that the volume increase is most commonly attained by heat conduction from the pipe wall and subsequent evaporation of water. At Table 1 . Refer to Appendix A for the meanings of symbols. The simulations were tried after changing the heating rate to each case. Figure 6 . Relation between the pressure and the product of the marginally stable heating rate, q lim , and the period of DWO. At the stability limit, the total amount of heat which a unit volume of mixture receives while it flows through a pipe is proportional to the entrance pressure of the pipe. The parameters are for Cases 1 to 14 in Table 1. actual active volcanoes or geothermal fields, volcanic gases are emitted from fumaroles with high-temperature that sometimes reaches several hundred degrees Celsius (e.g. Matsushima 2001) . In this study, we consider a situation that the volcanic gases are heating the surrounding country rocks, and that the heated country rocks in turn heat the ground water, which flows upward through a thin pipe. At active volcanoes rainwater percolates into the ground and is accumulated inside aquifers as ground water (Wohletz & Heiken 1992) . We consider that some portion of such ground water in an aquifer would flow thorough pipes or cracks of the country rocks up to another shallower aquifer where the pressure is lower (Fig. 1) . During the ascent, ground water obtains heat from the country rocks at the crack wall or pipe wall.
Here we estimate a plausible rate of heating by hot country rocks at actual volcanoes. It is assumed that a cylindrical pipe of radius r 1 is embedded in an infinite medium of temperature T 0 at r = r 0 in the cylindrical coordinate system. The pipe is filled with the water/steam mixture of temperature T 1 (T 1 < T 0 ). According to Fourier's law, the rate of stationary heat input per unit volume of the mixture from the pipe wall (q) is obtained by the following equation,
where k is the coefficient of thermal conductivity for the infinite medium. According to eq. (18), the heating rate predominantly depends on the radius of a pipe (r 1 ). When r 0 = 5 m T 0 = 1000 K, r 1 = 0.005 m T 1 = 400 K and k = 5 W K −1 m −1 , we obtain 35 MW m −3 as an estimate of q. An estimate of transient heating rate can be obtained for the same pipe and water/steam mixture system by solving a thermal conduction equation for a initial condition with uniform temperatures outside (T 0 ) and inside (T 1 ) the pipe, with the boundary conditions of fixed temperature at r = r 0 (T = T 0 ) and r = r 1 (T = T 1 ). It is found that for a typical value of thermal conductivity, k, the heat supply rate q at 1000 s after the initiation of thermal diffusion is nearly the same as the above stationary case for a pipe of twice as thick (r 1 = 0.01 m). The second heating mechanism which can increase the volume of water-steam mixture in the pipe is steam inflow. At actual active volcanoes or geothermal fields, flows of high-temperature volcanic gases should be ubiquitous, and the size of the flow paths should range from those of microcracks (micron) to that of a main volcanic conduit (100 m). We consider volcanic gas flows into a pipe buried underground as shown in Fig. 2 through a number of microcracks in the pipe wall. Given that, as described above, the essentially important condition for DWO is the increase in the volume of the two-phase element, we could anticipate that such a volume increase also is attained by directly adding 'extra mass' rather than by adding heat, which ultimately causes evaporation. We therefore investigate how the marginally stable heating rate, q lim , changes, when super-heated (hot-dry) steam flows into the pipe uniformly from the pipe wall. The mass conservation equations (eq. 1) and (eq. 2) are modified to include these effects. We assume that the temperatures of steam and water of the two-phase flow in the pipe are held at the saturation temperature for a given pressure. When the pressure is 1.0 MPa, the saturation temperature is about 450 K. The temperature of the (hot-dry) steam flowing in from the wall is assumed to be 700 K. It is found that the essential features of DWO remain unchanged after these modifications. The relation between the inflow rate of higher temperature steam and q lim is shown in Fig. 7 . The result of the simulation is well in agreement with the following equation,
where h fg and m are the enthalpy and mass flow rate of the steam flowing in per unit volume of the two-phase mixture in the pipe. h l is the enthalpy of the water in the pipe, and q lim 0 is the marginally stable heating rate in the case of no steam inflow (purely conductive heat supply). The amounts of enthalpy of the water, h l , of the steam in the pipe, and of the steam flowing in, h fg , are 0.77, 2.73 and 2.91 MJ kg −1 , respectively. The hot steam flowing in is cooled down to the same temperature as the steam and water in the pipe, and the surplus thermal energy is used for further evaporation of water. The stability limit is therefore controlled by the mass and temperature of the steam added to the two-phase mixture while it traverses the pipe. When the steam enters from the pipe wall, the amount of conductive heat required decreases. We consider a case that the heating rate needs to exceed 22 MW m −3 in order to generate a limit cycle DWO without steam inflow, and steam of nearly 11 kg s −1 m −3 is generated per unit time and volume by evaporation with this heat. If high-temperature steam of 10.0 kg is poured in from the pipe wall, heat of 1.8 MJ kg −1 is released due to the temperature decrease of the steam flowing in. Since the latent heat of water is 2.0 MJ kg −1 , water of 0.9 kg can be evaporated by cooling the high-temperature steam of 10.0 kg . Consequently, a net addition of steam of nearly 11.0 kg is attained, and a limit cycle DWO occurs without conductive heating. Mass and volume inflow thus is more important and the effect of the heat in the form of thermal energy of super-heated steam, which evaporates the surrounding water is rather minor. Therefore, when steam is flowing in from the pipe wall, a limit cycle is excited even if the conductive heating is small. When the half of the steam emitted from the pipe exit stems from the steam inflow, q lim is reduced by 50 per cent. In this case, if T 0 , T 1 and r 0 are fixed, eq. (18) shows that the pipe radius r 1 can be increased by about √ 2 times in order to obtain the same value of q lim . If steam/water mixture inside the pipe and the hot-dry steam outside have the same lithostatic pressure at the depth of pipe entrance, the hot-dry steam should have a smaller pressure decrease with height, so that across the entire pipe length its pressure should be higher than that of the two-phase mixture inside the pipe. When steam of 5 kg with the density of 5 kg m −3 is added to the two-phase element of unit volume per unit second by flows through the pipe wall with a diameter of 0.01 m, the Darcy velocity of the steam is 2.5 × 10 −3 m s −1 . If we assume that the pipe wall is pervious with the permeability of the surrounding rocks about 10 −9 m 2 (Bear 1972 ), a lateral pressure gradient inside the country rocks around the pipe of 10 3 Pa m −1 is required by Darcy's low. This lateral pressure gradient is small enough compared with a hydrostatic pressure gradient, so that this scenario is plausible.
Characteristics of wave propagation of DWO
In order to understand the mechanism of wave propagation for DWO, we investigate the changes of five properties of two-phase flow; mixture density, ρ m , void fraction, α, pressure, P, mixture velocity, u m and mass flux, G (=ρ m u m ) (Fig. 8 ). Fig. 8 shows the times when these Table 1. properties take the minimum and maximum values at each point along the pipe within a period of oscillation. The figure clearly shows that the 'states' that these properties take either the maximum or the minimum at each point propagate along the pipe, mostly downstream from the entrance. The features of propagation are classified into three types; firstly, α, G, and ρ m , propagate downstream with speeds that are nearly equal to the flow velocity at each point. For example, in the case shown in Fig. 9 , the flow velocities (u m ) is about 5, 20 and 35 m s −1 at the entrance, the middle and the exit of the pipe, respectively. These velocities are nearly equal to the propagation speeds of α, G, and ρ m in the same case as shown in Fig. 8 . In other words, the 'state' associated with these properties is transmitted by the flow of the mixture. Secondly, pressure P propagates also downstream but with a speed that is faster than the flow velocity. Thirdly, u m propagates upstream unlike other physical properties, with a much higher velocity. There also are differences in the phases of oscillation among the properties of the first group; G and ρ m change in phase anywhere in the pipe, while the change in α is out of phase relative to the other two. These relations are quite reasonable because of the definitions of ρ m (eq. A1) and G (eq. A3) and the fact that the fractional density change in steam and water are much smaller than the fractional change in the void fraction, α. The relation between G and P is controlled by the pressure boundary conditions. The entrance pressure, P 0 , is fixed and in the stationary state the pressure, P, decreases with the 'lithostatic' gradient toward the exit. An increase in P near the entrance reduces the pressure gradient locally, slowing down the flow there. Near the entrance, therefore, the changes in P and G are out of phase relative to each other. Near the exit, when the pressure gradient increases following an increase in P, the flow is accelerated. Therefore, the changes in P and G are in phase near the exit. The results from our numerical experiments also show that u m and ρ m change in phase at the entrance. In such cases, the mass flux, G, into the pipe takes the maximum value when averaged over a period of oscillation. This means that although a perturbed state of u m would propagate upstream toward the entrance from the exit with various phases and propagation speeds, only a pattern that could suck the two-phase mixture at the entrance the most efficiently into the pipe will be dominant. The period of DWO is clearly controlled by the period of oscillation of void fraction, α, which propagates with the speed approximately equal to the flow velocity. We emphasize here that the mass exchange between the two-phases (water and steam) controls the mechanism of DWO, whereas the compressibility of the two-phases playing only a minor role. This phenomenon is therefore fundamentally different from the oscillations, which are based on acoustic wave propagation in the fluid.
APPL I C AT I O N S O F T H E D W O M O D E L S T O G E O T H E R M A L F I E L D S A N D V O L C A N O E S
In this section, we apply the DWO model to ground motions at geothermal fields and active volcanoes (Fig. 1) , by principally considering if a limit cycle DWO can occur at those places for a reasonable range of pipe geometry and heat supply. As stated previously, the product of the DWO period, T, and the marginally stable heating rate, q lim , is proportional to the entrance pressure, P 0 , as is shown in Fig. 10 and eq. (12). For a fixed heating rate, the deeper the pipe, the longer period a limit cycle DWO has. For a fixed period, the shallower the pipe, the less heat is required to excite a limit cycle DWO. A limit cycle DWO is, therefore, most likely to occur at shallow depths at active volcanoes and geothermal fields.
In our DWO models, when a limit cycle occurs, the amplitude of pressure change reaches maximum near the middle of the pipe (Fig. 9) . The maximum amplitude of pressure is mainly controlled by the pressure difference across the pipe, that is given by the lithostatic pressure gradient and the pipe length. In the range of heating rate for which water remains at the exit of pipe, the amplitude of pressure change increases with the heating rate. The maximum amplitudes are about 10 per cent of the pressure difference between the entrance and exit just above the stability limit and could be as large as about 50 per cent of it (Fig. 11 middle left) . If the heating rate is raised further, water will be completely evaporated in the pipe and the two-phase flow will turn into a single-phase flow of super-heated steam near the exit of the pipe. Although we have not dealt with such a transition from two-phase to single-phase flow, we could anticipate that the pressure amplitude would no longer increase, since the portion of pipe in which DWO can occur probably becomes shorter as a single-phase flow appears.
We evaluate the maximum amplitudes of seismic waves that a limit cycle DWO can excite. First we note that a pipe buried underground in which DWO occurs can act as two different seismic source types. One is a moment tensor source associated with the pressure change, and the other is a single force source associated with the frictional force exerted on the pipe wall. The moment tensor for a pressure change in a Figure 11 . Relation between the heating rate, q, and the pressure perturbation amplitude at the middle of the pipe. The amplitude of pressure perturbation is normalized by the pressure difference between the entrance and the exit of the pipe, and q is normalized by marginally stable heating rate, q lim . The normalized pressure amplitude increases with q, but does not exceed 1.0. The parameters for the solid line, long broken line, short broken line and dotted line are for Cases 1 to 4 in Table 1 . The range of q which gives rise to single-phase flow of steam is not shown. Note that when the heating rate is 50 per cent larger than q lim , the pressure amplitude is also approximately 50 per cent larger than that for the stability limit.
cylindrical pipe is describes as follows (Uhira & Takeo 1994) ,
where V is the volume of the pipe, P is the pressure change, λ and µ are the Lame's constants for isotropic elastic media. In this study we assume that λ µ = 1.5. This value is adequate for sedimentary rocks (Winkler & Murphy 1995) and for porous rocks saturated with water and steam (Nur 1987) . These rocks are commonly observed near the surface at active volcanoes. Changing the ratio within a realistic range does not affect the results much. As for the single force source, it turns out from our numerical experiments that seismic waves due to this component is about two orders of magnitude smaller than those due to the moment tensor source at near field, i.e. in the distances less than a kilometer. Even if the friction coefficient increases, the frictional force per unit volume do not change much. This is because during a limit cycle DWO the pressure gradient term is balanced mainly by the frictional force in eq. (3), with the inertia term and gravity force having secondary effects. The moment tensor associated with the pressure change is proportional to the pressure difference rather than the pressure gradient, so that the moment release per unit volume increases with the length of the pipe. Therefore, single force can be ignored when the length of a pipe exceeds several metres.
We consider, as an example, a limit cycle DWO for a vertical pipe with the diameter of 0.01 m and length of 13 m at the depth of 50 m. We take the half of the pressure difference across the pipe as the amplitude of pressure change (Fig. 11) . We compute seismic waves radiated from a point source at the depth of 50 m which has the same seismic moment as that from the pipe with a finite length. Interaction between the elastic deformation of the pipe due to the seismic waves and the flow inside is ignored. Complete responses of elastic homogeneous half-space to the equivalent point seismic moment source are computed by following the approach in Johnson (1974) . Seismic waves are computed for epicentral distances of up to 1000 m. Fig. 12 shows those for 200 m. Seismic waves are dominated by Rayleigh waves (Fig. 12 ). For this case, the DWO period is nearly 1 s, and the seismograms are approximately harmonic oscillations (Table 2 and Fig. 12 ). The distortions of the DWO seismograms from a purely harmonic oscillation is due to the non-linearity in the equations which are solved, eqs (1)- (3) and (5). When the frictional force is increased, the flow velocity decreases leading to a longer transit time, and therefore to a longer DWO period. Shown with the dotted lines in Fig. 12 are the case of the frictional coefficient 100 times larger than the standard value, whose dominant period is nearly 10 s. When the pipe is 13 m long, the pipe diameter of 0.01 m would virtually represent the maximum value for a limit cycle DWO to occur, given a plausible conductive heat supply from country rocks, which we expect as less than 35 MW m −3 . The effect of direct mass inflow could increase this limit to some extent, although it is not considered here. The maximum amplitudes of ground displacement due to DWO are of the order of 3 × 10 −10 m and 1.5 × 10 −10 m at epicentral distances of 200 and 1000 m, respectively.
As the pipe becomes longer, about 100 m (the entrance is 150 m deep), the oscillation period increases to nearly 10 s. The amount of heat required to generate a limit cycle then decreases, and a thicker pipe with a diameter of 0.02 m is permitted, increasing the seismic moment. The seismic wave amplitudes thus increase with the pipe length. The maximum ground displacements are of the order of 10 −8 m and 10 −9 m at epicentral distances of 200 m and 1000 m, respectively. Fig. 13 shows the maximum amplitudes of ground displacements due to limit cycle DWO, as a function of period. Also plotted are the typical resolution of broadband seismometers, and a typical ground noise model. It is clearly seen that DWO is a mechanism that is more effective to excite longer period ground oscillations. At the epicentral distance of 200 m, the DWO ground motion amplitude for a single pipe could exceed the typical noise level (Berger et al. 2004) at 20 s for the stationary heat supply and at 10 s for the transient heat supply (Fig. 13) . The total amounts of heat and mass for those DWOs are now considered. Results from the numerical experiments on the two-phase flow through vertical pipes, the amounts of water per unit time which are discharged from a pipe with a diameter of 0.02 m and a length of 13 m are about 0.2 kg s −1 , and the total heating rate required is 0.1 MW. For a pipe of 100 m long with a diameter of 0.02 m, the amount of heat increases to 2.4 MW, while the mass flow rate remains the same as the shorter pipe. These values are compared with what are observed at a few active volcanoes; Mt. Aso at Japan (Fukui 1995) and Ruapehu at New Zealand (Hurst & Dibble 1981) . According to Fukui (1995) , the rates of water and heat that are discharged from the crater lake of Aso are 30 kg s −1 and 80 MW, respectively. The observed mass and the heat flow rate greatly exceed those estimated from the DWO model. At Ruapehu the estimated heat input is about 600 MW (Hurst & Dibble 1981) Table 2 . Seismic wave moment is calculated by product of pressure perturbation in a pipe and the volume of a pipe. Assuming that the focus is in the depth 200 m, the displacement amplitude in epicentral distance 200 m and 1000 m was estimated. System parameters are case 6, 8 and 9 in the Table 1 that is also high enough to excite long-period limit cycle DWO. The occurrence of DWO, therefore, could be supported in terms of the total emission rates of mass and heat. If a continuous vibration of a given frequency excited by DWO is observed, the focus of the vibration should be much smaller compared with usual cases of elastic oscillation of a fluid-filled pipe for the same period. We, therefore, may be able to discriminate DWO from other types of signal that would exist in the volcano based on the size of the foci. Once observed, a DWO could be used for monitoring slight temporal changes in thermal conditions underground. The DWO parameters that are the most sensitive to changes in the thermal conditions of geothermal area and active volcanoes would be the initial void fraction of the water/steam mixture, α 0 . In our model, any changes in α 0 affect the mean density of the mixture in the pipe, leading to the change in the transit time. This could, therefore, be observed as a change in the DWO period.
DISC U S S I O N
There are several other aspects of DWO to be mentioned. First, eqs (A10) and (A11) are used for the equations of state of water and steam in this study. When the pressure exceeds 22 MPa, water will be in a critical state in which water and steam cannot be distinguished from each other. The use of these equations, therefore, may not be justified for the cases of high pressure corresponding to depths of about 1 km. The expected small density difference between water and steam at that depth should tend to suppress the occurrence of a limit cycle DWO.
Second, we should discuss the validity of the use of experimental equations in our model, such as those for drift velocity, v g j , and those for mass exchange rate between water and steam, g . Although we have shown so far the results for the cases of the thermal equilibrium model 1 and the drift velocity equation 2 (eq. 7), the essential features of DWO remain unchanged if the other mass exchange and drift velocity equations are used. For instance, when different models for v g j and g are used, the marginally stable heating rate, q lim , vary by 10 per cent at most. This is mainly due to that facts that v g j is small compared with the mixture flow velocity, v m , and that the input heat is dominantly consumed by the evaporation in the energy equations, eqs (4) and (5).
Third, the situations at actual geothermal fields and volcanoes should be far more complicated than the highly idealized situations considered in this study. For example,
(1) the area of the cross-section as well as its shape of a pipe may significantly change with depth. In the nuclear engineering field, the concept of drift velocity which takes into account the effects of irregular shapes of pipe has been developed, and it is found that DWO is excited for a wide range of pipe geometry (Atomic Energy Society of Japan 1993).
(2) Water and steam flows through two or more pipes connected parallel to each other also generate DWO. The entrance pressure may change with the outflows of fluid, and the phases of DWO of each pipe shifts every π or more complicatedly (Fujii et al. 1999) .
(3) The heating rate of a pipe could vary spatially. As stated in the above section, the heating rate can be estimated from the difference in temperature between the pipe wall and the surrounding country rocks. Since temperature change inside a pipe is about a few tens of degrees at most when thermal equilibrium is assumed, which would be very small compared with that between the pipe and country rocks. Therefore, the effects of non-uniform heating rate on DWO are likely to be secondary.
CONC L U S I O N S
We propose that DWO that is one of the two-phase flow-instability phenomena studied by the nuclear engineering field can excite long-period ground vibrations at geothermal fields and active volcanoes. We consider a vertical cylindrical pipe buried underground. Water flows through the pipe and is evaporated by the heat or hot-dry steam supplied from the surrounding country rocks. A limit cycle DWO occurs when the supply rate of heat exceeds a threshold and shows a spontaneous oscillation of pressure, density and flow velocity of the water/steam mixture inside the pipe with a period of the order of transit time of the fluid through the pipe. The longer the period of DWO, the more efficient is its excitation of ground vibration. When there is a pipe with a diameter of 0.02 m and with a length of 100 m at the depth of 150 m in an elastic half-space, the amplitudes of ground displacement at the epicentral distance of 200 m due to the equivalent moment source is 7 × 10 −8 m with a period of 10 s, comparable to the typical background noise level, and DWO at longer period can exceed the ground noise level.
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A P P E N D I X A : D E F I N I T I O N S O F P RO P E RT I E S A N D T H E I R B A S I C R E L AT I O N S A1 List of symbols
A2 Definitions, basic relations between the properties, and experimental equations
We list the definitions of quantities used in this study, and equations relating them (Atomic Energy Society of Japan 1993): Basic relations between important properties of two-phase flow.
Density of two-phase mixture,
Velocity of two-phase mixture,
Mass flux,
Drift velocity v g j ,
Internal energy per unit mass (specific internal energy) of two-phase mixture,
Enthalpy per unit mass of two-phase mixture,
Enthalpy of liquid phase (water) and gas phase (steam) per unit mass,
Quality,
Quality for thermal equilibrium conditions,
Properties associated with equations of state of the two-phases. Equation of state for steam (gas phase) which is considered as an ideal gas (Atomic Energy Society of Japan 1993), 
Properties associated with wall friction. Frictional force between the liquid phase and the pipe wall,
Frictional force between the gas phase and the pipe wall which is used when void fraction exceeds a certain limit, α > 0.9, (Atomic Energy Society of Japan 1993), 
Reynolds number of two-phase mixture,
Viscosity of two-phase mixture,
A3 Derivation of the equation of motion for two-phase flow
The conservation of linear momentum of the liquid phase is expressed as,
where F i means the interaction between the gas phase and the liquid phase. On the other hand, the conservation of linear momentum of the gas phase is expressed as, ∂ ∂t {ρ g αu g } + ∂ ∂z ρ g αu
Adding eqs (A19) and (A20) and using the expressions of ρ m (eq. A1) and u m (eq. A2) give the following equation for the mixture,
By eqs (A4) and (A2), the velocities of the liquid and gas phases are written as follows,
The equation of motion for the mixture (eq. 3) is obtained by substituting eqs (A22) and (A23) into eq. (A21).
A4 Derivations of energy equations for two-phase flow
To derive the equation of energy conservation for the two-phase mixture (eq. 4), the energy conservation equation of the gas and liquid phases are added to give,
where 'total energy' of each phase E i (i = g, l) is defined by following equation,
Works done by the wall friction and viscous stress are neglected. Eq. (A24) can be rewritten by using the mixture total energy, E m ,
where E m is defined by the following equation
The equation of energy conservation for the two-phase mixture (eq. 4) is obtained by substituting eqs (A22) and (A23) into eq. (A26). The equation of energy conservation (eq. 4) can be further simplified using the following approximations: (a) Kinetic energy and gravity potential energy in eqs (A25) and (A27) are small compared with enthalpy. This is a good approximation since the typical values of enthalpy (ρ m h m ), kinetic energy ( 
